Cs measure-IAHS, Canberra, Australia.
ments to estimates of soil redistribution rates on cultivated and Ritchie, J.C., and J.R. McHenry. 1990 . Application of radioactive uncultivated soils. IAEA, Vienna, Austria. fallout Cesium-137 for measuring soil erosion and sediment deposiWalling, D.E., and T.A. Quine. 1990 . Calibration of cesium-137 meation rates and patterns: A review. J. surements to provide quantitative erosion rate data. Land DegradaSchumacher, T.E., M.J. Lindstrom Holt, 1968) , magnetic plastic beads (Ventura et al., high temperature. The heating allows the labeling elements to diffuse into sediment crystalline lattice. How-2001), steel nuts (Lindstrom et al., 1992) , and rare earth element oxides (Riebe, 1995; Plante et al., 1999 Be, these tracers, when used in conment. Their results were satisfactory and the method was promising. Riebe (1995) used europium-labeled junction, have a potential for identifying the predominant erosion processes such as interrill or rill erosion glass particles to monitor soil translocation. Europium oxide was fused with glass and other ingredients at (Wallbrink and Murray, 1993) . However, because of uncertainties associated with the continuous input func-1100ЊC for 5 h to produce a homogenous material that had a particle density of 2.65 Mg m
Ϫ3
. The material was tions, as well as their spatial and depth distributions, these tracers, similar to 137 Cs, necessitate similar assumpfurther ground into sand-and silt-size fractions, and was then mixed with bulk soils. Plante et al. (1999) tions and therefore suffer from similar drawbacks.
Unlike bomb-produced and naturally occurring radeveloped a particulate tracer by incorporating dysprosium oxide into various-size ceramic prills during prill dionuclides, radioactive ions can be manipulated and deliberately introduced for studying soil erosion. For manufacture. The use of ceramic prills was based on the assumption that surface properties of the prills would be example, Wooldridge (1965) Co solution for studying soil aggregation. A major concern with this analysis method is another concern for selecting ideal tracers. Traditional instrumental methods of analysis type of tracer is the radiological risks to both researchers and the environment. Exotic particles such as fluoresinclude instrumental neutron activation analysis, x-ray fluorescence, atomic absorption spectrometry, and incent glass beads and magnetic plastic beads have been used to overcome this concern, but pose new problems.
ductively coupled plasma atomic emission spectrometry. Instrumental neutron activation analysis was widely The major criticisms for the exotic particles are that (i) exotic particles differ in size distribution, particle used for REE measurement for many years. However, it is relatively insensitive to the middle mass REE and density, shape, surface morphology, and surface chemical properties from ambient soil particles and aggreis expensive to implement due to the requirement of a nuclear reactor. X-ray fluorescence is another widely gates; (ii) these particles may not bind with soil particles and soil aggregates, and therefore are transported indeused technique, but the sensitivity for REE is relatively poor (detection limits Ͼ1 g g Ϫ1 ). Atomic absorption pendently; and (iii) sensitivity of quantitative analysis is normally low, which means that a large quantity of spectrometry has not been widely used for REE measurement because (i) it is less sensitive to the REE tracers are needed to trace soil and sediment movement in a sizeable area such as in a small watershed.
than the light elements and (ii) it lacks in multi-element capability. Inductively coupled plasma atomic emission Labeling natural particles of interest with noble metals (e.g., Au, Ag, In, Ir), which can be activated by spectrometry is now widely used for measuring REE because of its low detection limits, but it can require neutron irradiation only during measurements, circumvents most of the drawbacks discussed above. sample extraction for ICP-MS analysis.
Following leaching, the tagged soil layer was removed at field water capacity, air-dried, and wet-sieved to determine REE concentration in each size class. The soil below the
MATERIALS AND METHODS
tagged layer was sampled in 25-mm depth increments, and airdried, sieved (Ͻ2 mm), and analyzed for REE concentration.
Soil Characteristics
A Miami silt loam soil, collected from the Ap horizon near
Wet-Sieving
West Lafayette, IN, was air-dried and passed through a 6-mm sieve. The Miami soil had ≈13% sand, 18% clay, 69% silt, and A wet-sieving machine similar to Yoder's device (1936) 1.3% organic carbon. Clay mineralogy consisted in a decreaswith a displacement of 38 mm and a frequency of 36 cycles ing order illite, kaolinite, vermiculite, and smectite. Soil pH min Ϫ1 was used to obtain aggregate size distributions. After in water and 0.01 M CaCl 2 solution (1:1 solid:water ratio) was passing through an 8-mm sieve, 580 g of air-dried, leached 5.7 and 5.24, respectively (Franzmeier et al., 1977) . Particle REE-soil was prewetted with DW under 0.5 J kg Ϫ1 suction size distribution was measured with a pipette method (Franzon a 0.033 MPa suction plate for Ͼ6 h. Following wetting, the meier et al., 1977). Organic C was measured by a dry combustagged soil was sieved in DW for 25 min using a series of five tion method (model CHN-60, Leco Corp., St Joseph, MI).
127-mm sieves (4.75, 2, 1, 0.5, and 0.21 mm). After sieving, the materials Ͻ0.21 mm were sequentially sieved through 53-, 38-, 25-, and 10-m sieves to obtain additional size classes.
Rare Earth Oxide Characteristics
These materials were oven-dried and analyzed for REE conFive REE oxides (La 2 O 3 , Pr 6 O 11 , Nd 2 O 3 , Sm 2 O 3 , and Gd 2 O 3 ), centration. selected mainly on the basis of their costs, were imported from the People's Republic of China. Price ranged from 4 to 25 US Five milliliters of the suspension was taken at the 50-mm depth † RE oxide of interest divided by total of the five RE oxides.
at predetermined time intervals, calculated for the sizes of 1, ‡ D 50 ϭ particle size at which 50% of particles by weight are finer than that value.
2, 4, 8, 12, and 25 m. Several additional sizes were measured subtracted from the samples and standards, and the modified
Acid-Extraction of Rare Earth Elements
counts were used to compute a linear calibration of response A simple, quick acid leaching procedure, similar to a stanversus concentration. From this equation, concentrations in dard method used by the USEPA for extractions of metals initial soil samples were calculated by accounting for dilutions from environmental samples (USEPA, 1995), was proposed.
and soil sample masses. The procedure includes: (i) weigh 2 g of soil sample into a 50-mL Erlenmeyer flask; (ii) add 10 mL concentrated HNO 3 (70%, w/w), and reflux at 85 ЊC in a water bath for 1 h; (iii)
RESULTS AND DISCUSSION
after cooling to Ͻ70ЊC, add 10 mL H 2 O 2 (30%) slowly to Cumulative particle size distribution of REE oxides remove organically-bound REEs, and heat the solution for 2 to is shown in Fig. 1A . A logistic function fitted to the 3 min after effervescence subsided; (iv) add 5-mL concentrated data, gave coefficients of determination Ͼ0.95 for all HCl (36%, w/w), and reflux at 85ЊC in water bath for 1 h; (v) after cooling to room temperature, filter through a No. 5
REEs. The fit was less satisfactory for Pr, with the first Whatman (Clifton, NJ) filter paper, and elute with 5 mL DW peak (Ͻ10% by weight) being underrepresented. The derivative of the fitted function (i.e., particle size distribution) is plotted in Fig. 1B . The D 50 of Pr oxide was Inductively Coupled Plasma-Mass Spectrometry the coarsest, and La oxide had the finest, while the Sample and Standard Preparations remainder ranged from 2 to 4 m. The particle size was relatively uniform for La and Gd oxides with the A 250-mg aliquot of each extract was transferred to a 50-maximum size being Ͻ5 m (Fig. 1B) . In comparison, mL polyethylene centrifuge tube and massed exactly. Stock Sm and Nd oxides had a wider distribution with ≈99%
internal standard solution containing In and Tl was added to the tube, and the volume was brought to 50 mL with 18 M⍀ cm Ϫ1 water. Final internal standard concentration was ≈10 ng g Ϫ1 for all samples and standards. Total acid concentration of final analyzed solution was ≈1.5%. External calibration standards were prepared from a certified stock REE solution (SPEX Sample Preparation, Metuchen, NJ; 10 g g Ϫ1 ) by serial dilutions in concentrations of 0, 10, 20, 50, and 80 ng g Ϫ1 . Calibration standards were matched in acid concentration (1.5%) and composition (HCl and HNO 3 ) to a typical sample. With these standards, all sample concentrations fell within the calibration range. Three replicates of each dilution were prepared for each sample, and each dilution sample was analyzed once using ICP-MS technology (Table 2) .
Inductively Coupled Plasma-Mass Spectrometry Data Analysis
Raw, integrated counts per second data were manipulated in three sequential steps by a computer program. First, the program normalized the differences in internal standard concentrations between individual samples and standards. A linear scaling was used to normalize internal standard concentration of standards, samples, and blanks. Second, correction for intersample instrument response was done by linear interpolation between the two internal standards based on mass (adjusted for mass-dependent drift). Third, blank counts were of REE oxides by weight being smaller than 10 m. The Pr oxide had the widest and coarsest particle size distribution (Fig. 1A) , ranging from 2 to 25 m, with ≈90% by weight being larger than 5 m. The leached REE-tagged soil, which was passed through an 8-mm sieve after air dried, was wet sieved to partition the whole soil into different size classes. Aggregate size distribution derived from the wet sieving (Fig.  2) indicates that most soil particles were still present in aggregated forms after 25 min of sieving. Forty-five percent of soil aggregates by weight (not corrected for sand content) were larger than 4.75 mm, and 65% were larger than 2 mm. Overall, macroaggregates (Ͼ0.25 mm) accounted for ≈86% of the total mass, while the fraction Ͻ25 m accounted for Ͻ5%.
Extractable REE concentrations of the whole soil and individual aggregate size groups (Fig. 3) show generally dicating that these oxides were evenly incorporated into soil aggregates of the various size groups. For the size 10-to 25-m fraction, which were ≈30% greater than the whole soil for all REEs. This indicated that the leaching of REEs could be significant across long peridegree of oxide-particle association apparently inods of acidic conditions. Leaching or redistribution of creased as the size decreased from 53 to 10 m. ApparREEs could cause a problem for tracing soil erosion in ently, for the Ͻ10-m group, concentrations were lower soils with very low pH. than those of the 10-to 25-m group. Since 99% of all Parameters related to precision and consistency of REEs excluding Pr by weight were smaller than 10 m, the proposed extraction procedure appear in Table 4 we do not have information on quantity of REE oxides for blank and REE-tagged soils. Standard deviations of that were actually bound with primary particles or miall five REEs were Ͻ0.63 g g
Ϫ1
.
Coefficients of variacroaggregates in this fraction. However, this fraction tion were Ͻ6% for all REEs. Similar to CVs, average accounted for only 0.24% of the total soil mass. If the relative errors (AREs), which were calculated as aver-REE oxides had not bound with soil materials, the REE aged absolute differences between individual samples concentrations in this fraction would have been at least and mean value divided by the mean, were Ͻ5% for all 400 times that of the whole soil. Overall, results demonREEs. Standard deviations of REE-tagged soil ranged strated that REE oxides were uniformly incorporated from 5 to 13 g g Ϫ1 for all REEs (Table 4 ). The CVs into soil aggregates that were larger than 53 m, and ranged from 5.8 to 9.2%, which were slightly greater the oxides were bound well with silt-size particles or than those of the blank soil, but were still relatively aggregates, except for sizes between 38 and 53 m.
small. The ARE of all REE oxides were between 4.7 Concentration-depth profiles of REE oxides after and 7.3%. Since AREs and CVs are good indicators of leaching with 130 mm of DW are presented in Table 3. method precision and variability, these data indicated The REE-tagged soil was packed in the top 25-mm that the proposed extraction method was highly consislayer. The REE concentrations below the tagged soil tent and reproducible across individual samples within layer (Ͼ25 mm in depth) were not significantly different a wide range of concentrations. Considering the fact that from the background soil values. There was no apparent the relative errors included inherent variations between trend of REE movement within the soil profile. Howsample replicates and errors introduced during extracever, average concentrations of the five REEs in the tion and sample dilution for ICP-MS analysis, the Ͻ10% leachate (Table 3) were higher than those in DW, which of CVs and AREs were satisfactorily low, indicating were Ͻ0.005 ng mL Ϫ1 for all REEs. This result suggested that the method was sufficient for use in soil erosion that REE oxides were slightly soluble at pH 5 to 6 and aggregation studies. conditions, under which this experiment was conducted.
To evaluate the effects of heating length and exIt also implies that REE mobility may increase with an increase in soil acidity. Thus, cumulative downward tracting time on extraction efficiency, one batch of sam- Table 5 . Mean, SD, and CV of percentage recovery of five rare (Alberts et al., 1980; Gabriels and Moldenhauer, 1978;  earth elements (REEs). Meyer et al., 1980) . Meyer et al. (1980) sediment transport dynamics along a hillslope or within a small watershed where sediments are transported ples was heated for 1 h after each addition of HNO 3 mainly in aggregates. Tian et al. (1994) and his coworkand HCl, and was completed in 12 h, while the other was ers (Institute of Soil and Water Conservation, 1997) heated for 2 h after each addition and was completed in have conducted several laboratory and field test experi-24 h. The longer heating and extracting time increased ments using REE oxides to trace soil erosion. Their extraction efficiency considerably for the blank soil, but results indicate that the REE oxide tracing technique not for the tagged soil (Table 4 ). This is because REE is promising and has a great potential of studying soil oxides dissolve in acids rapidly, so heating and extracting erosion mechanisms and sediment transport processes. time is not a factor for added REE oxides. In contrast, For soil aggregation and translocation studies, Plante background REEs that may exist in various soil minerals et al. (1999) developed a sphere tracer by tagging cedissolve slowly with time. As a result, longer heating and ramic prills with Dy 2 O 3 , and Riebe (1995) produced a extracting time increases extraction efficiency. However, particle tracer by fusing Eu 2 O 3 with glass. Although this problem can be avoided by standardizing heating satisfactory results were achieved by those researchers, and extracting time. In addition, most soils have low major concerns of using exotic particle tracers for soil amounts of REEs, compared with doped levels, so heaterosion and aggregation studies remain as the particle ing and extracting time would not be an issue. tracers should posses similar particle density, size distriAverage percentage of recoveries along with SDs and bution, and surface reactivity to those of soil aggregates CVs are shown in Table 5 . Recovery rates were satisfacor objects of interests. This work has shown that the torily high (Ͼ91%) for La, Pr, Nd, and Gd, and somedirect use of REE oxide powder is feasible and will what low for Sm (≈83%). Reasons for the low recovery eliminate the need of artificially reproducing the size of Sm are unknown at this stage. More importantly, the and density distribution of the soil. Since REE oxide SDs and CVs of the recovery rates were between 5 to powder is very fine and only a trace amount is needed 8% for all REEs except for Nd, whose values were for tagging soil aggregates, it will not substantially alter around 10%. This showed that the inter-sample variathe aggregate density and surface reactivity. Moreover, tions of the proposed extraction method were small, the aggregate size distributions will be the same as those and the method was able to produce a coherent recovery of the soil matrix and the eroded sediment. This is critirate across samples. Actually, the magnitude of percentcal, especially for studying upland soil erosion by water age recovery is not a critical factor; as long as the perin which sediments are eroded and transported in aggrecentage recovery is consistent, actual amounts of REEs gates and those aggregates are in fact varying dynamiin soils or sediments can be accurately estimated by cally in response to detachment and transport processes, considering the recovery rate for a particular soil in management operations, and other changes in natural question.
conditions. Wendt et al. (1986) measured soil loss from 40 replicated field plots (differed somewhat in land use history) and found that the CV for 25 storms ranged from 18 to CONCLUSIONS 91%. Nearing et al. (1999) , analyzed soil losses of 2061 storms from replicated natural runoff plots at seven
The proposed extraction procedure is fast, easy, and reliable. The method was consistent across a wide range locations under several cropping systems, and reported that CV ranged on the order of 14 to 150%. Considering of REE concentrations for the five REEs, with CVs ranging between 6 and 11%. In conjunction with the the large variability associated with measured soil loss data, a CV of Ͻ10% for the proposed procedure would sensitive, inexpensive, and quick (14 REE elements at a time) analysis by ICP-MS, this method makes REE provide a satisfactory means for obtaining quantitative soil erosion data.
tracer technique even more attractive for obtaining spatially-distributed soil erosion data. Aggregate size distribution of eroded sediment from runoff plots depends on factors such as soil properties
The REE oxide powders when directly mixed with soil were uniformly incorporated into various-size soil (e.g., soil texture and aggregate stability), rainfall and runoff characteristics, topography, surface cover and aggregates (Ͼ53 m), and were bound with soil particles or aggregates. Since soil aggregates always change dyroughness, time, and predominant erosion processes (Nearing et al., 2001 ). However, the general consensus namically with time, the direct use of REE oxides has the potential to mimic the real time aggregate size distriis that most sediment from either interrill or rill areas on a hillslope were eroded and transported in aggregates bution of soil in question. This finding has shown that
